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AT MACH NUMBERS FROM 2.40 TO 4.65* 
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Wind-tunnel measurements of some of t h e  dynamic s t a b i l i t y  charac te r i s t ics  . 
* of 0.035-scale models of proposed Apollo configurations iden t i f i ed  as ET12C, 

E4T12C, and C have been made at Mach numbers from 2.40 t o  4.65 by using a forced- 
osc i l l a t ion  technique. 
were measured for t h e  launch-escape configurations EI’12C and E4T1$! and t h e  com- 
mand module C with the  heat shield aft and i n  a reentry a t t i t ude .  
yaw and osc i l l a to ry  d i rec t iona l  s t a b i l i t y  were measured f o r  t h e  command module 
i n  a reentry a t t i t ude .  
t e r ed  during t h e  several  phases of f l i g h t .  

Damping i n  p i tch  and osc i l l a to ry  longi tudinal  s t a b i l i t y  

Damping i n  

Tests were made at angles of at tack l i k e l y  t o  be encoun- 

The addi t ion of t o ro ida l  tanks t o  t h e  escape rocket of t h e  model of t h e  
launch-escape configuration increased t h e  s t a b i l i t y  i n  p i tch  and decreased t h e  
damping i n  p i t ch  near a mean angle of a t tack a of 0’. 

The model of t h e  command module with the  heat  shield aft had pos i t ive  
damping i n  p i t ch  and pos i t ive  osc i l la tory  longitudinal s t a b i l i t y  f o r  all tes t  
conditions. 
a t t i t u d e  w a s  s l i g h t l y  pos i t ive  except f o r  data taken a t  t h e  lower Reynolds num- 
bers at t h e  higher Mach numbers. The s t a b i l i t y  i n  p i tch  varied almost d i r e c t l y  
with a from unstable near a = 1 3 4 O  t o  s table  near a = 158O, with zero sta- 
b i l i t y  occurring near a = 140°. The damping i n  yaw f o r  t h e  model of t h i s  con- 
f igura t ion  was generally posi t ive.  
angle of a t tack.  

The damping i n  p i tch  of t h e  model of the  command module i n  a reentry 

The s t a b i l i t y  i n  yaw increased s l i g h t l y  with 
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INTRODUCTION 
. -  

A research program i s  being conducted by the  National Aeronautics and Space 
Administration t o  determine t h e  aerodynamic charac te r i s t ics  of proposed configu- 
ra t ions  of t he  Project Apollo vehicle, a manned lunar-exploration spacecraft .  
Wind-tunnel measurements of t h e  s t a t i c  longitudinal aerodynamic charac te r i s t ics  
of 0.07-scale models of proposed configurations of t h e  Project  Apollo vehicle are' 
presented f o r  Mach numbers from 1.57 t o  4.65 i n  reference 1 and from Mach numbers 
of 0.30 t o  1.20 i n  reference 2. 

- 

This paper presents without detailed analysis  some of t h e  dynamic s t a b i l i t y  
charac te r i s t ics  of  0.055-scale models of proposed reentry and launch-escape con- 
f igurat ions of t h e  Apollo command module as obtained i n  t h e  Langley Unitary Plan 
wind tunnel at Mach numbers from 2.40 t o  4.65. The dynamic s t a b l l i t y  character- 
i s t i c s  i n  p i tch  of t h e  launch-escape configurations ET12C and E4T12C and t h e  com- 

mand module C with the  heat shield a f t  and i n  a reentry a t t i t u d e  were measured. 
I n  addition, t h e  dynamic s t a b i l i t y  charac te r i s t ics  i n  yaw f o r  t h e  command module * 

i n  a reentry a t t i t u d e  were measured. The model of t h e  launch-escape configura- 
t i o n  had no provision f o r  an investigation of t h e  e f f ec t  of escape-rocket t h r u s t  
o r  exhaust on the  dynamic s t a b i l i t y  charac te r i s t ics .  
number w a s  investigated t o  determine the e f f e c t  of Reynolds number on t h e  sta- 
b i l i t y  charac te r i s t ics .  The data are presented f o r  t h e  angle-of-attack ranges 
l i k e l y  t o  be encountered during t h e  several  phases of f l i g h t .  

A l imited range of Reynolds. 

SYMBOLS 

The aerodynamic parameters a re  referred t o  t h e  body system of axes o r ig i -  
nating at the  osc i l l a t ion  centers of the models as shown i n  f igure  1. The symbols , 
used herein are defined as follows: 

A 

d 

k 

M 

q 

&o 

R 

r 

reference area, f i ( $ r ,  0.3912 sq f t  

reference length, m a x i m u m  diameter of model, 0.7058 f t  

reduced-frequency parameter, @ radians v J  
free-stream Mach number 

pitching velocity, radians/sec 

free-stream dynamic pressure, lb/sq f t  

Reynolds number based on d 

yawing velocity,  radians/sec 
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ee m m m  ma ma 
m m m  e e m  m m m  
m a a m  o m  
m m m  m m m  e e m  
e m  e m m  ee e m .  e em 

free-stream velocity,  f t / s ec  

mean angle of attack, deg o r  radians 

angle of s idesl ip ,  radians 

angular velocity,  231( Frequency of osc i l la t ion) ,  radians/sec 

Pitching moment pitching-moment coefficient,  

Yawing  moment yawing-moment coeff ic ient  , 
%Ad- 

per radian a% - aa 

- per  radian 
aP 

per  radian a c m  

a(,$) 

per radian 

The equations used t o  obtain the  following aerodynamic parameters are  pre- 
sented i n  t h e  sec t ion  en t i t l ed  "Reduction of  Data. I '  

Cmq + C x  damping-in-pitch parameter, per  radian - 3 



C% - k 2 h 4  osci l la tory- longi tudinal-s tabi l i ty  parameter, per  radian 

Cn, - Cni COS u damping-in-yaw parameter, per  rad ian  

2 cos a + k Cns osc i l la tory-d i rec t iona l -s tab i l i ty  parameter, per  radian c"P 

A dot  over a quantity denotes a der ivat ive w i t h  respect t o  t i m e .  

MODELS 

Design dimensions of 0.055-scale models of the proposed Apollo launch-escape 
configurations ET1$! and E4T12C and of t he  command module C are shown i n  f i g -  

ure  1. The designations used were assigned by the prime contractor f o r  Apollo 
t o  f a c i l i t a t e  ident i f ica t ion  of various configurations under invest igat ion.  The 
l e t t e r s  are associated w i t h  the  component pa r t s  as follows: E i s  f o r  the escape 
rocket, T f o r  t he  tower, and C f o r  t he  command module. Numbered subscripts r e f e r  
t o  specif ic  versions of each component. 

The models were made of aluminum, with the  escape-rocket tower made of steel  
and the escape-rocket motor made of magnesium and plastic-impregnated f iber  g lass .  
The toro ida l  tanks on t h e  escape rocket were removable. 
exposed t o  t h e  airstream were aerodynamically smooth. 
necessary f o r  s t i ng  clearance are a l so  shown i n  f igure  1. 

The model surfaces 
The openings i n  t h e  models 

Because of tunnel s i z e  and balance load l imitat ions,  t h e  s i z e  of t h e  models 
w a s  r e s t r i c t ed  and t h e  centers of o sc i l l a t ion  were not coincident w i t h  t h e  pro- 
posed center-of-mass locat ions f o r  the  model of the  launch-escape configuration 
and t h e  model of t h e  command module i n  a reentry a t t i t ude .  The osc i l l a t ion  ten- 
t e r  w a s  not a t  t h e  proposed center-of-mass locat ion f o r  the  model of the command 
module w i t h  t he  heat shield aft because no provision w a s  made f o r  moving the 
model forward on t h e  osc i l l a t ing  balance when the  escape-rocket motor and tower 
were removed. 
were mounted at fixed o f f se t  angles with respect t o  t h e  center l i n e  of the osc i l -  
lating balance as shown i n  f igure  1. 

I n  order t o  provide t h e  desired angle-of-attack range, the  models 

TUNNEL 

Tests were made i n  the  high Mach number tes t  sect ion of the Langley Unitary 
Plan wind tunnel, which i s  a var iable  pressure, continuous-flow tunnel.  The 
nozzle leading t o  t h e  4- by 4-foot t es t  sect ion i s  of the asymmetric s l iding-  
block type and permits a continuous var ia t ion  of tes t - sec t ion  Mach number from 
approximately 2.3  t o  4.7. 

The s t ing  system i s  supported by a horizontal  s t r u t  extending from w a l l  t o  
wall downstream of the t e s t  section. For these tes ts  the  models were rotated 90' 
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bn t h e  s t i n g  so t h a t  t h e  angle-of-attack range w a s  obtained i n  t h e  horizontal  
plane. 
* t o  l7O when used i n  conjunction with t h e  forced-oscil lation mechanism. 
'description of t he  tunnel i s  given i n  reference 3 .  

The sting-support s t r u t  i s  capable of an angle-of-attack range from -8' 
A complete 

APPAFUTUS AND PROCEDURE 

The models are mounted on an osc i l l a t ion  balance which i s  forced t o  perform 
an essen t i a l ly  sinusoidal, single-degree-of -freedom motion of 2' amplitude. 
motor-driven Scotch yoke arrangement provides t h e  osc i l l a to ry  motion and allows 
accurate control of o sc i l l a t ion  frequencies from about 2 t o  25 cycles per second. 
A deta i led  descr ipt ion of the osc i l l a t ion  mechanism is  given i n  reference 4. A 
photograph of the Apollo launch-escape configuration m1,C mounted on the  osc i l -  
l a t i o n  mechanism i n  the tunnel t e s t  sect ion is presented as f igure  2. 

A 

Dynamic da ta  are  obtained from t h e  osc i l l a t ion  balance by al ternat ing-current  
,s t ra in-gage bridges which sense the  instantaneous torque required t o  dr ive  t h e  
model and t h e  instantaneous angular displacement of t h e  model with respect t o  the 
s t ing.  These strain-gage bridges modulate 3,000-cycle c a r r i e r  voltages which are 

.passed through coupled e l e c t r i c a l  sine-cosine resolvers  t h a t  r o t a t e  at t h e  f r e -  
quency of o s c i l l a t i o n  of t h e  model. The resolvers divide the  s ignals  i n t o  orthog- 
onal components, which are then demodulated and read on damped d i g i t d  voltmeters. 
By responding only t o  s ignals  at t h e  fundamental frequency of osc i l l a t ion ,  the 
resolver  and damped-voltmeter system performs t h e  desirable  function of elimi- 
nating the  e f f e c t s  of random torque inputs due t o  airstream turbulence o r  buf- 
fe t ing .  "he maximum torque required t o  drive t h e  model, the maximum displacement 
of t he  model with respect t o  the sting, and the phase angle between torque and 
displacement are found from t h e  orthogonal components of torque and displacement. 
The frequency of osc i l l a t ion  i s  obtained by counting pulses  generated by an 
induction-coil  pickup and a 100-tooth gear fastened t o  the shaft of one of t h e  
resolvers.  
the measured values of torque, displacement, phase angle, and frequency. 

The damping and spr ing-iner t ia  charac te r i s t ics  are then computed from 

REDUCTION OF DATA 

For t h e  pi tching tests, measurements were made of the  maximum applied 
pi tching moment 
respect t o  the sting 8, t h e  phase angle q between My and 8, and t h e  angular 
veloci ty  of t h e  forced o s c i l l a t i o n  (u. 

My, t h e  maximum angular displacement i n  p i t ch  of the  model w i t h  

As explained i n  d e t a i l  i n  reference 5 ,  t h e  
s.ingle-degree-of-freedom system can be computed 

damping coeff ic ient  f o r  th i s  
as 

and t h e  spr ing- iner t ia  cha rac t e r i s t i c  can be computed as 



where K i s  the  tors ional  spring constant of t h e  system and I i s  t h e  i n e r t i a  . 
of the  system about the axis indicated by t h e  subscript .  

The damping-in-pitch parameter w a s  computed as 

and t h e  oscillatory-longitudinal- s t a b i l i t y  parameter w a s  computed as 
c 7 

2 
C% - k Cm. = - - 

Q wind on 

My s i n  q 
... A The wind-off value of w a s  determined at the frequency of wind-off. 

0 were deter-  My cos T w 
veloci ty  resonance. The wind-off and wind-on values of 

mined at t he  same value of u2. 

For t he  yawing tests, measurements were made of t he  m a x i m u m  applied yawing 
moment 
t h e  s t ing  q ,  t he  phase angle h betweer, Mz and $, - and t h e  angdar velocity 
of t h e  forced osc i l la t ion  a. 

Mz, t h e  m a x i m u m  angular displacement i n  yaw of the model with respect t o  

The system character is t ics  i n  yaw were computed as 

Mz s i n  h 
cz = 4 

and 
MZ cos h 

KZ - Ip2 = 
k 

( 5 )  

The damping-in-yaw parameter w a s  computed as 

s i n  h 

wind on 

and t h e  osci l la tory-direct ional-s tabi l i ty  parameter w a s  computed as 

M cos h M cos h c o s a + k ~ n : = + L [ ~ ~ ’  2 ) - ( ’ $  ) J 
wind on wind off cnP %Ad 
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Mz s i n  h 
A s  f o r  t h e  pi tching-osci l la t ion t e s t s  the  wind-off value of  was deter-  

E4T12C (launch 
escape, to ro ida l  
tanks off) 

mined at the  frequency of wind-off veloci ty  resonance and t h e  wind-off and wind-on 
Mz COS h 

values of were determined at t h e  same value of u.?. 
I 

2.40 1.58 106 -8 to 4 3(a)  
-8 to 4 3(b) 
-8 t o  4 3 ( c )  

2’98 
3.96 2.09 

-8 to 4 3(a) 4.65 2.69 
4.65 1.07 -8 to 4 3(d) 

No fac tor  of 2 appears i n  equations (3) and (7 )  because t h e  reduced-frequency 
parameter i s  defined as k = ud v. 
in-yaw and osc i l l a to ry -d i r ec t i~na l -  s t a 5 i l i t y  parameters Secaxse these t e r m  a re  

The expression cos a appears i n  the  damping- 

.expressed i n  t h e  body system of axes. 

C (command module) 
heat shield aft 

C (cormnand module) 
reentry a t t i t u d e  

TESTS AND PRESENTATION OF DATA 

2.40 1.58 x lo6 -14 t o  6 4 
2.98 1.68 -14 t o  6 4 

4.65 2.69 -14 t o  6 4 
4 3.96 2.09 -14 t o  6 

2.40 1.05 x lo6  136 t o  158 5 ( a )  
2.40 1.58 141 t o  158 ?(a)  
2.98 1.68 138 to 158 5(b) 
3.96 1.08 135 t o  158 5(c)  
3.96 2.09 135 to 158 5 ( 4  
4.65 1.07 135 t o  156 5(d)  
4.65 2.69 133 t o  158 5(d) 
4.65 3.39 133 t o  158 5(d )  

The t e s t s  were made at Mach numbers from 2.40 t o  4.65 and at Reynolds num- 
bers, based on the  maximum diameter of  t he  model, from 1.05 x 106 t o  3.39 x 106. 
The upper values of Reynolds number were dictated by t h e  e l e c t r i c a l  power ava i l -  
able  f o r  t h e  tunnel dr ive system. 

c (cormnand module) 2.40 
reentry a t t i t u d e  2.98 

3.96 
4.65 

The data were taken f o r  angles of  at tack l i k e l y  t o  be encountered during the  

Bow-shock ref lect ions from t h e  side w a l l s  of t h e  tunnel l imited t h e  
’ several  phases of f l i g h t .  (a = 0 corresponds t o  heat shield aft on t h e  command 

module.) 
range of angle of a t tack at which va l id  data could be obtained. A l l  data affected 
by shock re f lec t ions  have been omitted from t h i s  paper. 

Dynamic s t a b i l i t y  data obtained i n  t h i s  invest igat ion a re  presented i n  t h e  
following figures: 

Directional 

1.58 x 106 1% t o  158 6 
1.68 1% t o  1% 6 
2.09 136 t o  158 6 
2.69 133 t o  158 6 

. 

Configuration M 

Lonaitudinal 
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Positive damping i n  p i tch  and posi t ive s t a b i l i t y  i n  p i tch  a re  indicated by 
. 

2 negative values of Cmq + C% and C,, - k Cm;l. Posi t ive damping i n  yaw i s  

indicated by negative values of Cnr - Cni cos a but pos i t ive  s t a b i l i t y  i n  yaw . 
2 i s  indicated by posi t ive values of Cnp COS a + k Cn+. 

Typical schlieren photographs of t h e  models are presented as f igures  7 t o  10. 
Since angle of a t tack w a s  obtained i n  t h e  horizontal  plane with t h e  models ro ta ted  
900 on the  balance, these photographs are, i n  effect ,  taken from above the  models 
mounted at t h e  angles of a t tack indicated i n  these f igures .  

ANALYSIS AND SUMMARY OF RESULTS 

As seen i n  figure 3 ,  the 'addi t ion of t h e  to ro ida l  tanks t o  the  escape rocket 
of t h e  model of t he  launch-escape configuration increased t h e  s t a b i l i t y  i n  p i tch  
and decreased t h e  damping i n  p i tch  near a = 0' f o r  all Mach numbers. Certain 
data, ident i f ied  by flagged symbols, were taken at frequencies other  than the  
frequency necessary f o r  veloci ty  resonance of t h e  model. This l imited mount of . 
da ta  indicates no pronounced e f f ec t  of reduced frequency on t h e  dynamic charac- 
t e r i s t i c s .  A reduction i n  Reynolds number by a f ac to r  of 2.5 had l i t t l e  e f f ec t  
on t h e  dynamic charac te r i s t ics  at 

. 

M = 4.65 as can be seen i n  f igure  3(d).  

The data presented i n  f igure  4 indicate  t h a t  t he  model of t h e  coniiiand module 
with t h e  heat shield aft has pos i t ive  damping i n  p i tch  and pos i t ive  osc i l l a to ry  
longitudinal s t a b i l i t y  f o r  all t es t  conditions. The l eve l s  of damping and sta- 
b i l i t y  exhibited only s l i gh t  dependence upon e i t h e r  Mach number o r  mean angle of 
a t tack . 

The damping i n  p i tch  of t h e  model of t h e  command module i n  a reentry a t t i -  
tude i s  generally independent of mean angle of attack, as shown by t h e  data of 
f igure 5. 
numbers a t  t h e  higher Mach numbers where zero or s l igh t ly  negative damping w a s  
measured. The s t a b i l i t y  i n  p i tch  var ies  almost d i r ec t ly  with mean angle of a t tack 
a from unstable near a = 1 3 4 O  t o  s tab le  near a = 1 5 8 O ,  with zero s t a b i l i t y  
occurring near a = 140'. 
Mach numbers. The damping i n  yaw f o r  t h i s  configuration i s  generally s l i g h t l y  
posi t ive as shown i n  f igure  6. 
a = 1 3 4 O  t o  a = 1 5 8 O  with increased s t a b i l i t y  at  t h e  higher Mach numbers 
through the angle-of-attack range. 

The damping i n  p i tch  i s  s l i g h t l y  pos i t ive  except at the  lower Reynolds 

A s l i g h t  Reynolds number e f f ec t  i s  noted at t h e  higher 

The s t a b i l i t y  i n  yaw increases s l i g h t l y  from 

Some comparison of t he  flow around the  configurations tested m a y  be obtained 
from t h e  schlieren photographs i n  f igures  7 t o  10. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, V a . ,  December 5 ,  1962. - 8 
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Figure 2.- Model of Apollo launch-escape configuration m12C mounted on oscillation mechanism in 
tunnel test section. 
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( a )  M = 2.40. 

Figure 3 . -  Variat ion of damping-in-pitch parameter, oscillatory-1.ongitudinal-stability parameter, 
f o r  models of launch-escape con- and reduced-frequency parameter with mean angle  of a t t a c k  

f igura t ions  ET12C and E4T12C. 
t h e  frequency f o r  Velocity resonance of t h e  model system. 

u 
Flagged symbols i n d i c a t e  d a t a  taken at frequencies  o ther  than 
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Figure 3 .  - Continued. 
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( c )  M = 3.96. 
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Figure 7.- Schl ieren photographs of model of launch-escape configuration E4T12C, taken a t  an angle 
of a t tack of 0'. 
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Figure 8.- Schl ieren photographs of model of launch-escape configuration ET1$, taken at an  angle 

of a t tack  of Oo. 
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Figure 9.- Schl ieren photographs of model of command module C with heat  s h i e l d  aft,  taken a t  an 

angle of a t tack  of 0'. 
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Figure 10.- Schl ieren photographs of model of cormnand module C i n  reentry a t t i t u d e ,  taken a t  a n  

angle of a t tack  of 150'. 
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